In the Nordic countries, growth of Norway spruce (Picea abies (L.) Karst.) is generally limited by low availability of nutrients, especially nitrogen. Optimizing forest management requires better insight on how growth responds to the environmental conditions and their manipulation. The aim of this study was to analyse the effects of nutrient optimization on timing and the rate of tracheid formation of Norway spruce and to follow the differentiation of newly formed tracheids. The study was performed during two growing seasons in a long-term nutrient optimization experiment in northern Sweden, where all essential macro-and micronutrients were supplied in irrigation water every second day from mid-June to mid-August. The control plots were without additional nutrients and water. Tracheid formation in the stem was monitored throughout the growing season by weekly sampling of microcores at breast height. The onset of xylogenesis occurred in early June, but in early summer there were no significant between-treatment differences in the onset and relative rate of tracheid formation. In both treatments, the onset of secondary cell wall formation occurred in mid-June. The maximum rate of tracheid formation occurred close to the summer solstice and 50% of the tracheids had been accumulated in early July. Optimized nutrition resulted in the formation of ~50% more tracheids and delayed the cessation of tracheid formation, which extended the tracheid formation period by 20-50%, compared with control trees. The increased growth was mainly an effect of enhanced tracheid formation rate during the mid-and later-part of the growing season. In the second year, the increased growth rate also resulted in 11% wider tracheids. We conclude that the onset and rate of tracheid formation and differentiation during summer is primarily controlled by photoperiod, temperature and availability of nutrients, rather than supply of carbohydrates.
Introduction
In Finland and Sweden, Norway spruce (Picea abies (L.) Karst.) and Scots pine (Pinus sylvestris L.) are ecologically and economically the most important tree species. Results from longterm nutrient optimization experiments in young Norway spruce forests in central and northern Sweden (Tamm 1991 , Linder 1995 , Jarvis and Linder 2000 have shown that nutrient availability (mainly nitrogen (N)), rather than a cool and short growing season, is the main limiting factor for forest production in the northern temperate and boreal forests.
During recent decades, forest management has become more intensive (Nilsson et al. 2011) , including the use of N fertilization (Nohrstedt 2001, Saarsalmi and . Fertilization increases tracheid production, especially earlywood tracheids (Kukkola and Saramäki 1983, Ingerslev et al. 2001 ), but at the same time, a faster growth rate may change wood and tracheid properties-enlarge lumen diameter and decrease cell wall thickness and tracheid length (Mäkinen et al. 2002a , Jaakkola et al. 2005 , 2007 .
In the boreal vegetation zone, cumulative tracheid formation typically follows an S-shaped curve, with slow increment during late spring and early summer, peak increment in mid-summer and a gradually decreasing rate towards autumn , Mäkinen et al. 2003a , 2003b . This wood formation process consists of different phases, including cell division in cambium, followed by enlargement of the newly divided cells, and finally their maturation through deposition of secondary cell walls and lignification (Wilson et al. 1966 , Wodzicki 1971 . The growth of any individual cell is dependent on its immediate environment, its position within a tree, its genetic makeup and its previous history (Uggla et al. 1996 , Lagercrantz 2009 , Lupi et al. 2010 . Wood formation at the tissue level is also influenced by longitudinal gradients of nutritional factors, growth regulators and physical stresses from stem apex to root tips (Hölttä et al. 2006 (Hölttä et al. , 2010 . However, no consensus about the mechanisms controlling tracheid formation at the tissue level has yet been reached (Van Oijen et al. 2005 , Lagercrantz 2009 ). Brix and Mitchell (1980) reported that the rate, but not duration, of tracheid production in Douglas fir (Pseudotsuga menziesii (Mirb.) Franco) was affected by N fertilization. Lupi et al. (2012) combined early season soil warming with canopy applications of water containing N at a concentration three times higher than the ambient precipitation. The soil warming resulted in earlier onset and extended duration of xylogenesis, but no marked increase was found as an effect of the increased N supply. Based on these studies, we hypothesized that nutrient optimization would result in a higher rate of tracheid formation during the growing season, but not extend the tracheid formation period.
Optimizing forest management to produce desired wood properties requires that we better understand how tree growth responds to the prevailing environmental conditions and their manipulation in the trees' surroundings. The aim of this study was to analyse the effects of long-term nutrient optimization on wood formation in Norway spruce and to study the differentiation of newly formed tracheids. The study was performed at the Flakaliden long-term nutrient optimization experiment in northern Sweden (Linder and Flower-Ellis 1992, Linder 1995) during the 22nd and 23rd year of treatment. Since wood formation was only studied during two growing seasons, we focused on the between-treatment differences and less on the between-year differences.
In the Flakaliden experiment, the yield of stemwood in the optimized treatments has surpassed the best yields obtained by conventional silvicultural means (Bergh et al. , 2005 , and likely represents the upper limit of fertilization on tree growth. The optimized nutrient availability has resulted in large, mainly growth-related, changes in wood and fibre characteristics and wood chemistry (Anttonen et al. 2002 , Mäkinen et al. 2002a , 2002b , Lundgren 2004a , 2004b .
Materials and methods

Site description
The study was conducted in a long-term nutrient optimization experiment at Flakaliden (64°07′N, 19°27′E, 310 m above sea level) in northern Sweden. The experiment was established in 1986 in a Norway spruce stand, planted in 1963 with 4-yearold seedlings of local provenance (Linder 1995 . At the time of establishment, stand density was ~2400 trees ha −1 with no subsequent thinnings.
Soil at the site is a thin podzolic, sandy, post-glacial till with a mean depth of ~120 cm, with a 2-to 6-cm-thick humus layer, and with soil water content normally not limiting for tree growth . The site fertility is relatively low (dominant height at 100 years, H 100 = 17-19 m; Hägglund and Lundmark 1977) . Nitrogen deposition in the region averages 3 kg ha −1 year −1 (Berggren et al. 2004 , Karlsson et al. 2011 , Phil Karlsson et al. 2012 and net N mineralization is 4 and 18 kg N ha −1 year −1 in control and fertilized stands, respectively (Andersson et al. 2002) .
The site belongs to the middle boreal sub-zone (Sjörs 1999 ) and has a harsh boreal climate with long cool days in the summer and short cold days in the winter. The mean annual air temperature is 2.5 °C (Table 1) and mean monthly temperature varies from -7.5 °C in February to 14.6 °C in July (mean for 1990-2009) . Mean annual rainfall is ~600 mm with approximately one-third falling as snow, which usually covers the frozen ground from mid-October to early May. Temperature sum was calculated as the sum of degrees by which the daily average temperature exceeds +5 °C. A threshold of +5 °C is a commonly used standard when calculating the effective temperature sum in forestry and agriculture in the Nordic countries Start of the growing season was defined as the first day of a 5-day period when the daily mean temperature sum was (≥5 °C) and the end of the season was the last day of a 5-day period when the daily temperature was ≥0 °C. 1 There was a pronounced cold spell, May 12-21, with a mean daily temperature of 1.9 °C (cf. Figure 2 ).
(so-called thermal growing season). At Flakaliden, the length of the period with a daily mean air temperature ≥+5 °C averages ~150 days with a temperature sum of ~900 degree days (°C), but with large between-year variations. The nutrient treatments, which began in 1987, included untreated control stands, irrigation and two nutrient optimization treatments. The treatments were replicated four times in a randomized block design. Each replicate consisted of 50 × 50 m plots. Only two of the four treatments were used in the present study. These treatments were the non-fertilized control (C) and irrigation combined with liquid fertilization (IL). In the IL treatment, all essential macro-and micronutrients were supplied in irrigation water every second day from early June to mid-August. The amount and composition of the nutrient mixture were determined each year on the basis of foliar analysis, monitoring of nutrient concentrations in the soil water and from the predicted growth response (Linder 1995) . The amount of irrigation was set to maintain soil water potential above -100 kPa. For further details on experimental design and treatments, see Linder (1995) and .
Experimental design and sampling
During the growing seasons of 2008 and 2009, tracheid formation in stems of trees growing in C and IL stands was monitored by repeatedly collecting microcores at breast height (1.3 m). Microcores were collected from four randomly selected dominant trees on two plots of each treatment; altogether 16 trees (4 trees × 2 plots × 2 treatments) ( Table 2) . Microcoring was carried out approximately once a week from 22nd of May to 26th of September in 2008, and in 2009 from 14th of May to 24th of September, using a tool designed for microcoring (Rossi et al. 2006a) . After the rough outer bark was removed, the tool was inserted ~10 mm into the stem. Three parallel microcores were extracted in a zigzag pattern from each tree on each sampling date. Sun-exposed sides of a stem usually produce more cells, because one-sided warming promotes asymmetric growth (Mäkinen et al. 2003b ). On the four trees on each plot, sampling was initiated from different compass directions, since the number of tracheids may vary at different compass directions around the stem, and then continued successively around the stem during the growing season. To avoid abnormal cell formation caused by wounding, a horizontal distance of 2.5 cm was maintained between two adjacent sampling points (Forster et al. 2000) . The microcores were placed into biocassettes and preserved in 58% ethanol at +4 °C until further processing.
Measurements of tracheid formation
The samples were dehydrated with ascending series of ethanol (70, 90, 94 and 100%) , cleared with Tissue Clear (TissueTek ® , Sakura Finetek, Tokyo, Japan) and immersed into liquid paraffin (Histowax, Leica Microsystems, Wetzlar, Germany). The microcores were embedded into paraffin blocks, and 8-µm-thick transverse sections were cut with a rotary microtome (Leitz 1516, Leica Microsystems). The sections were then placed on microscopic slides, stained with 1% solutions of Safranin and Alcian blue, dehydrated in ascending series of ethanol and mounted into Canada balsam.
Images were taken of the current-year rings with a CCD digital camera (Media Cybernetics, Inc., MD, USA) attached to an Olympus BX-60 microscope (Olympus Optical Co., Ltd., Tokyo, Japan) at ×10 magnification and with a resolution of 0.5 µm pixel −1 . To cover the whole current-year ring, one to several overlapping images were taken and merged with the PhotoStitch-software (Canon, Inc., Tokyo, Japan).
From the images, tracheid diameters were measured along one subjectively selected representative cell row in each section with image analysis program Image Pro Plus 4.1 (Media Cybernetics, Inc., Bethesda, MD, USA). Three phases of tracheid differentiation were determined: (i) radial cell enlargement, (ii) secondary cell wall deposition and lignification, and (iii) mature tracheids ( Figure 1 ). The tracheids in the enlargement phase were larger in radial direction than the cambial Effects of nutrient optimization on intra-annual wood formation 1147 cells and their primary cell walls showed no birefringence under polarized light. In secondary wall deposition and lignification phase, the cells walls of tracheids were birefringent and showed red and blue color. The distinction between tracheids still forming secondary wall and mature tracheids was based on color (cell walls of mature tracheids are totally red, whereas cell walls in the wall deposition phase also have some blue) and cell wall thickness (mature tracheids have thicker cell walls) (Savidge 2003) . In spring, tracheid differentiation was determined to have begun on the date when at least one tracheid was found in the enlargement phase. Tracheid production was defined to have ceased when no enlarging tracheids were found. Tracheid differentiation was defined to have stopped when all the tracheids were mature.
Statistical analysis
The Gompertz function was used to describe the progress of tracheid formation during the growing season and to remove the random variation between the sampling points (Zeide 1993 , Rossi et al. 2003 )
where y is the total number of current-year tracheids (enlargement, secondary cell wall formation and mature combined) at date t (day of year, DoY), A is the upper asymptote defined as the final number of tracheids, β is the x-axis placement of the fastest increment rate and κ is the rate of change. When trees have different growth rates and stem diameters, comparing their wood formation dynamics is difficult based on the absolute number of tracheids formed until each sampling date. Therefore, cumulative percentages were used to make the sample trees commensurable. Applying the fitted Gompertz curves, the timing for the onset and cessation of tracheid formation were defined as the dates when 5 and 90% of the final number of tracheids was reached, respectively.
When calculating the number of tracheids in the different phases of tracheid differentiation, the Gompertz function was fitted to the sum of tracheids in the secondary cell wall formation and mature phases (wall formation + mature), as well as merely to the number of tracheids in the mature phase. The number of tracheids in the enlargement phase was then calculated as the difference between the total number of tracheids and the tracheids in the wall formation and mature phases. Accordingly, the number of tracheids in the wall formation phase was calculated by subtracting the number of mature tracheids from the wall formation and mature tracheids.
The differences between IL and C in the timing of tracheid formation were tested by the mixed model:
where y is the dependent variable, µ is the overall mean, T is the fixed treatment effect, Y the fixed year effect, T × Y is the interaction term, b and t are the random plot and tree effects, respectively, and ε is an error term. The Bonferroni correction was used to counteract the problem of multiple comparisons to hold the experiment-wide P to a given level. All the statistical analyses were performed using SAS Statistical Software v. 9.1 (SAS Institute, Inc., Cary, NC, USA).
Results
Weather conditions
The mean temperature from May to September was in 2008 below and 2009 above the long-term mean (Table 1) . Especially, May, August and September 2008 were ~2 °C cooler compared with 2009 (Figure 2 ), giving a difference in temperature sum (≥5 °C) between the 2 years of ~150 day degrees (Table 1) . The temperature sum, accumulated from the spring equinox to the summer solstice was, however, somewhat higher (45 day degrees) in 2008 than that in 2009. During both years, precipitation was low in spring, but the whole growing season was above the long-term mean (Table 1 ). During both study years, only a few tracheids were formed in May (Figures 2 and 3) . In 2008, 5% of the tracheids had been accumulated by the end of the first week of June, and in 2009 by the end of the second week of June (Figure 2 , Table 3 ), but the difference between the treatments was not statistically significant (Table 4) . It should, however, be noted that in terms of actual number of tracheids formed the IL trees had a higher absolute rate (Table 3 ). The first tracheids were detected in the enlargement zone in late May, 1-3 weeks before the 5% mark was reached (Figure 3 , Table 5 ), but the difference between the treatments was not significant (Tables 5 and 6 ).
In both years, the onset of secondary cell wall formation occurred in mid-June both in C and IL (Figure 3 , Table 5 ), approximately at the same time as 10% of the tracheids had been formed. In 2008, the formation of new tracheids in C and IL trees was fastest in late June and early July, respectively, and in 2009 in early July in both treatments (Figure 2 , Table 3 ). In IL, tracheid formation rate (tracheids formed per day) was only slightly higher than in C during the early part of the growing season, but around mid-summer, tracheid formation rate in IL clearly exceeded the rate in C and remained higher until the end of growing season (Figures 2  and 3) . In both treatments, and both years, the peak rate of Effects of nutrient optimization on intra-annual wood formation 1149 tracheid production occurred <2 weeks after the summer solstice.
Tracheid formation: mid-and late summer
In both years, 50% of the tracheids were accumulated in early July, less than a week after the peak production rate (Figure 2,   Table 3 ), which was up to a week later in IL than in C (Table 3) . At the same time, the first tracheids were entirely mature ( Figure 3 , Table 4 ). In C, 90% of the tracheids were formed by late July (2008) or early August (2009), whereas in IL tracheid formation continued at high rate longer and the 90% mark was achieved in mid-August (Table 3) .
When the cessation of tracheid formation was defined based on the different phases of tracheid differentiation, no significant difference was found between the treatments (Tables 5  and 6 ). In both 2008 and 2009, the last enlarging tracheids in C were found in late August and in IL in early September.
In 2008, cell wall formation continued late in the autumn, and most probably ceased in October (Figure 3 , Table 5 ). The exact cessation date could, however, not be determined because several trees still had tracheids in the cell wall formation phase when sampling was terminated at the end of September. In 2009, cell wall formation ceased in early September, ~1 week later than the last tracheids had finished the enlargement phase ( Figure 3 , Table 5 ).
Even though the differences between the treatments in the onset and cessation were mostly not significant, the length of the tracheid formation period (5-90%) was 20-50% longer in IL than in C trees (Table 4) 
Discussion
At Flakaliden, the annual stem volume increment in the stands with nutrient optimization (IL) has surpassed the growth rates reported from previous fertilization studies with Norway spruce in the Nordic countries (Bergh et al. , 2005 . No volume increase was, however, obtained by irrigation alone in the nonfertilized stands or when combined with the optimized fertilization (Bergh et al. , 2005 .
Nutrient optimization resulted in formation of more and wider tracheids and wider annual rings. The increased diameter growth in IL trees was mainly the effect of enhanced tracheid formation rate during the mid-and later-part of the growing season. In 2009, the increased growth rate also resulted in wider tracheids. The tracheid diameter increase by 11% is slightly higher than those reported from N doses applied in forestry practice (Brix and Mitchell 1980 , Jaakkola et al. 2005 , 2007 . At Flakaliden, the peak difference in annual ring width, and hence radial tracheid production, was observed after 4-5 years of treatment (Mäkinen et al. 2002a (Mäkinen et al. , 2002b , after which it decreased as an effect of increasing stem diameters, but with continued increase in basal area (Lundgren 2004a ) and hence of stem volume. (9) 47 (6) 40 (7) 56 (11) Tracheid diameter (µm) 33 (7) 33 (3) 27 (4) 30 (4) Shown are also the DoY of maximum rate of tracheid formation, duration of tracheid formation (5-90%) and the total number and radial diameter of tracheids on a radial row. Values are means of the Gompertz functions (Eq. (1)) fitted to the individual sample trees (SD in parentheses). The P-values were calculated for each property (in the same line) within each year, corrected with Bonferroni's adjustment. Table 4 . Mixed model analysis (Eq. (2)) on the DoY when 5, 50 and 90% of the total number of tracheids were reached, the DoY of maximum rate of tracheid formation and duration of tracheid formation (5-90%), as well as the total number and radial diameter of tracheids on a radial row. 
F-and P-values for the treatment (T) and calendar year (Y) effects, as well as their interaction (T × Y)
. The significant (P < 0.05) effects are in bold. DF, degrees of freedom.
Tracheid formation: early summer
The onset of diameter increment, representing the day when 5% of the tracheids had been accumulated, occurred in early June. This is somewhat later than in southern and central Finland, where Henttonen et al. (2009) found that 5% of the annual ring had been formed in late May, but in a study in eastern Finland, 5% of the tracheids had been formed in mid-June , which is similar to the results of the present study. In southernmost Finland, Mäkinen et al. (2003b) found that tracheid formation in Norway spruce did not start until the beginning of June because of an unusually cool period after mid-May. Several authors have reported that the onset of diameter increment is affected by an air temperature threshold (e.g., Deslauriers et al. 2003 , Rossi et al. 2007 , Dufour and Morin 2010 as well as snowmelt and soil temperature , Lupi et al. 2012 . At Flakaliden, however, soil warming and snowmelt did not affect the onset of radial growth, as measured by dendrometers (Strömgren and Linder 2002) , but resulted in an earlier spring recovery of the photosynthetic apparatus . Thus, the differences in timing of onset between the studies from more southern regions and the present study can be explained by the high latitude of the Flakaliden site. In addition to the between-site variations (Mäkinen et al. 2003a ), inter-annual variation in increment onset can be high. Kalliokoski et al. (2012) found weather induced differences of up to 28 days in the onset of tracheid formation between years in a single stand of Norway spruce.
Cambium reactivation is generally related to bud break (Rossi et al. 2009 , Dufour and Morin 2010 , Seo et al. 2010 , primarily controlled by photoperiod and temperature (Rötzer et al. 2004 , Jackson 2009 , Körner and Basler 2010 . Cambial reactivation can, however, also be induced during the quiescent stage by artificial heating of the stem (Oribe et al. 2001 , Gričar et al. 2006 , which indicates that no hormonal signal from the buds is needed. The often observed simultaneous onset of budbreak and cambial activity in spring may therefore rather indicate that both processes are controlled by photoperiod and a temperature threshold, but not necessarily interdependent. Brix and Mitchell (1980) found no pronounced fertilization effect on the onset of tracheid formation in Douglas fir, which is in agreement with our results. Neither did Linares et al. (2009) find any effect on the date of cambial reactivation in Spanish fir (Abies pinsapo Boiss.) when resource availability was improved as an effect of thinning. Fertilization of conifer seedlings has been found to give an earlier budbreak in the following spring (Murray et al. 1994, Fløistad and Kohmann 2004) , but no results from such studies are available from trees in the Flakaliden experiment or elsewhere.
Tracheid formation: mid-and late summer
The maximum rate of tracheid formation occurred close to the summer solstice and before the two warmest summer months. Rossi et al. (2006b) suggested that photoperiod is the main factor controlling the timing of maximum growth rate and cessation of growth in cold environments. Seo et al. (2011) 
also
Effects of nutrient optimization on intra-annual wood formation 1151 Values are arithmetic means of the sample trees (SD in parentheses). 1 In 2008, cell wall formation did not end in six trees before the last sampling date and they were excluded from the analysis. found that, close to the distribution limit of Scots pine in northern Finland, the radial increment rate was highest in the second half of June before the warmest period of the growing season. Similar results have also been reported for other conifer species at high altitudes and latitudes (Ko Heinrichs et al. 2007 , Thibeault-Martel et al. 2008 , which support the results in the present study.
In some ecosystems, also in the cold regions, other environmental factors may be dominant in controlling the timing of maximum increment rates. Gruber et al. (2010) and Oberhuber and Gruber (2010) observed that tracheid production in Scots pine, growing in a xeric and dry-mesic sites in an Austrian alpine valley, peaked in mid-May and beginning of June, respectively. Rathgeber et al. (2011) reported that the maximum rate of tracheid production of silver fir (Abies alba Mill.) was reached at the very beginning of June. They concluded that soil water deficit limited tracheid production in mid-and late summer. In the present study, water can be excluded as a limiting factor since irrigation did not have any short-or long-term effect on volume production .
It has been suggested that the cessation of cambial activity could be caused by carbon limitation (Dufour and Morin 2010 , Oberhuber et al. 2011 , Begum et al. 2013 as an effect of stress or altered carbon partitioning between above-and belowground biomass compartments during the growing season. However, in most cases, trees are not limited by carbon supply, but rather by sink activity controlled by phenological and/or environmental constraints (see reviews by Körner 2003 , Hyvönen et al. 2007 , Millard 2007 ). This conclusion is strongly supported by two whole-tree chamber experiments at Flakaliden on the effects of elevated atmospheric CO 2 concentration [CO 2 ], at low (C) or high (IL) soil fertility (Medhurst et al. 2006 ). Elevated [CO 2 ], at ambient temperature, gave no additional stem growth after 3 years of treatment unless the trees had been fertilized (Hall et al. 2013 , Sigurdsson et al. 2013 . A further indication of growth being sink rather than source limited is the seasonal variation of nonstructural carbohydrates in the trees at Flakaliden. The starch reserves in the needles begin to accumulate in late April-early May, peak in late June and are depleted by early October (Linder 1995) . At the peak, the starch content in needles, in both non-fertilized and fertilized stands, is ~30% of the needle dry mass. The start of the depletion of the starch reserves coincides closely with the time for peak production of tracheids and new shoots. The drawdown in reserves is faster in fertilized than that in non-fertilized trees, indicating a sink rather than a source limitation in growth (Linder 1995) . Similar results were reported from a nutrient optimization experiment in a young stand of Scots pine in central Sweden (Ericsson 1979) .
Studies along altitudinal transects have reported a simultaneous cessation of wood formation (Moser et al. 2010) , and several studies have revealed parallel cessation of wood formation in different years , Gruber et al. 2009 ). This has led to the conclusion that the cessation of wood formation is mainly controlled by photoperiod, but can be affected by drought stress and low temperatures (Rossi et al. 2008, Dufour and . Based on studies of conifers across a wide range of different geographical locations, Rossi et al. (2008) found that air temperature is also a critical factor limiting the differentiation of xylem cells.
We found that optimal nutrition somewhat delayed the cessation of tracheid formation, which is in agreement with those by Grotta et al. (2005) , Linares et al. (2009) and Rathgeber et al. (2011) , who found that in the dominant Douglas fir, Spanish fir and silver fir cambial activity ceased later than in suppressed trees. Fast growing silver firs also had a delayed cessation of cambium activity compared with slower growing trees (Gričar et al. 2005 ).
Conclusions
Our results stress the determinant role of nutrient availability for wood formation in evergreen boreal conifer forests. The results confirmed our first hypothesis, i.e., the nutrient optimization resulted in formation of more and somewhat wider tracheids. This was mainly to the effect of enhanced tracheid formation rate in the mid-and later-part of the growing season. The second hypothesis, i.e., fertilization would not prolong the tracheid formation period, had to be rejected. There were no marked between-treatment differences in the onset of tracheid formation, but a tendency towards later cessation in IL that resulted in longer tracheid formation period. To be able to give better and realistic predictions on the impact of increasing temperatures and [CO 2 ] on the production in northern and boreal evergreen forests, further studies are needed to establish the relationships between xylogenesis and endogenic and exogenic controlling factors (Millard 2007, Way and Oren 2010) .
